Effects of carbon monoxide on cochlear electrophysiology and blood flow by Fechter, Laurence D. et al.
Hearing Research, 27 (1987) 37-45 
Elsevier 
HRR 00894 
Effects of carbon monoxide on cochlear electrophysiology and blood flow 
Laurence D. Fechter ‘, Peter R. Thome 2 and Alfred L. Nuttall 2 
’ Depis. of Environmental Health Sciences and OtolaryngologV Head & Neck Surgery, Johns Hopkins University Medical Institutions, 
Baltimore, Maryland, and 2 Kresge Hearing Research Institute, The University of Michigan Medical School, 
Ann Arbor, Michigan, U.S.A. 
(Received 18 July 1986; accepted 15 December 1986) 
The belief that the cochlea is particularly vulnerable to a reduction in oxygen availability comes predominantly from studies 
reporting the disruption of electrophysiological measures, such as the compound action potential, endocochlear potential, inner hair 
cell intracellular potentials or afferent nerve fiber responses by asphyxiation. Because hypoxia has frequently been suggested as an 
underlying mechanism by which many ototoxic agents produce injury, and because such agents are not likely to completely disrupt 
oxygen delivery, we investigated the effects of graded hypoxia (using doses of carbon monoxide) on cc&ear blood flow, the 
compound action potential (CAP) and the co&ear microphonic (CM). High doses of carbon monoxide injected intra-peritoneally 
yielded reversible loss of the CAP sensitivity for high frequency tone bursts, the extent of which was dose dependent. The loss was 
observed first at the highest frequency tested (50 kHz) and as carboxyhemoglobin levels increased, contiguous lower frequencies were 
influenced. Recovery progressed from low to high frequencies as carboxyhemoglobin levels declined. Carbon monoxide administra- 
tion also produced a dose dependent elevation in the cochlear blood flow measured by a laser Doppler flow monitor. The data 
suggest that carbon monoxide administration disrupts cochlear function only under extremely severe exposure conditions. An 
elevation in cochlear blood flow may well serve as a protective mechanism which maintains ccchlear function in the face of declining 
blood oxygen carrying capacity and delivery. While the site of action of carbon monoxide in the cochlea is uncertain, the data clearly 
indicate that elements involved in the generation of the CAP for high frequency tones are particularly vulnerable. This suggests that 
such elements may have different metabolic requirements from other lower frequency regions of the cochlea and/or that oxygen 
delivery (blood circulation) differs in the basal portion of the cochlea. 
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Introduction 
There is a significant historical interest in the 
role that reduced oxidative metabolism might play 
in cochlear dysfunction resulting from stress and 
disease, and also exposure to specific ototoxic 
agents. Several reports have suggested that ototoxic 
drugs such as quinine (Hawkins, 1967; Lawrence, 
1970; Smith et al., 1985) and salicylates (Hawkins, 
1973, 1976) might induce vasoconstriction in the 
cochlea and that impaired oxygenation might 
account for the transitory functional loss pro- 
duced by such agents. Similarly there are reports 
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showing that intense sound exposure produces a 
transitory drop in endolymph oxygen tension 
(Misrahy et al., 1958; Maass et al., 1976) and that 
more protracted noise exposures are associated 
with partial occlusion of the spiral vessel of the 
basilar membrane (Hawkins, 1971) and stria vas- 
cularis (Johnsson and Hawkins, 1972). A number 
of more recent studies have shown significant 
changes in the cochlear vasculature following noise 
exposure that would be suggestive of a decline in 
blood flow (e.g., Axelsson et al., 1983; Dengerink 
et al., 1985). However, contradictory findings have 
also been reported (Hulcrantz, 1979; Nuttall et al., 
1981; Prazma et al., 1983). 
If depressed cochlear blood flow or reduced 
oxygen delivery is the mechanism of ototoxicity 
produced by these diverse agents, then experimen- 
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tal manipulations which directly limit oxygen de- 
livery even to a moderate degree should cause 
cochlear dysfunction. However, much of the data 
has been derived from experiments using acute 
asphyxiation and little is known about cochlear 
function under less severe hypoxic exposure. 
Asphyxiation results in an almost immediate drop 
in Scala media oxygen tension a~ornp~~ by a 
fall of the endocochlear potential (EP) and 
cochlear microphonic (CM) (Konishi et al., 1964; 
Lawrence et al., 1975). The compound action 
potential (CAP) appears to be particularly sensi- 
tive undergoing a precipitous drop in amplitude 
following asphy~ation (Misrahy et al., 1958) and 
shows both the largest reduction in amplitude and 
also the longest time to recovery when compared 
either to CM or EP (Brown et al., 1983). 
There appears to be a close correspondence 
between the fall in EP and Scala media oxygen 
tension (Nuttall and Lawrence, 1980). During hy- 
poxia EP and intracochlear oxygen tensions begin 
to fall when inspired oxygen levels reach 16% and 
then tend to follow similar decay functions as 
hypoxia becomes more extreme. The initial delay 
in response to hypoxic challenge as well as the 
rebound and overshoot in oxygen tension and EP 
during the reestablishment of normoxia (Misrahy 
et al., 1958; Nuttall and Lawrence, 1980; Prazma, 
1982) might represent compensatory cardiovascu- 
lar responses to hypoxia. Finally, there appears to 
be close correspondence between decrements in 
CM and EP under conditions of asphyxia (Mis- 
rahy et al., 1958; Konishi et al., 1961; Brown et 
al., 1983) which might be predicted from the vari- 
able resistor model of hair cell function suggested 
by Davis (1965). 
In addition to dis~ption in the primary ex- 
tracellular AC and DC potentials measurable in 
the cochlea, altered inner hair cell function has 
also been observed during asphyxia. Indeed, the 
principal locus of insult responsible for the drop 
in CAP appears to be the performance of inner 
hair cells; a loss in frequency tuning curve tip 
sensitivity and sharpness of tuning as well as shifts 
in resting potentials have been described (Russell 
and Cowley, 1983; Brown et al., 1983; Nuttall, 
1984). However, the direct effect of acute hypoxia 
on the afferent nerve remains unknown. 
The experiments reported in the present study 
were designed to assess the effects of a broad 
range of hypoxic exposures produced by carbon 
monoxide ad~nistration on pure tone CAP 
thresholds, CM and cochlear blood flow. Carbon 
monoxide exposure, like hypoxic hypoxia, is 
known to produce a profound hearing loss follow- 
ing acute intoxications (Sato, 1966; Morris, 1969; 
Goto et al., 1972; M~s~rna et al., 1977). Epide- 
miological data suggest that chronic, low level 
exposures also yield hearing loss (Lumio, 1948; 
Zelman, 1973). Paradoxically, a series of chronic 
and acute carbon monoxide exposure studies failed 
to produce shifts in auditory thresholds measured 
in rats and guinea pigs (Young and Fechter, un- 
published). Since carbon monoxide can enhance 
brain blood flow and thereby maintain higher 
oxygen delivery than might be predicted purely 
from carboxyhemoglobin levels (Traystman and 
Fitzgerald, 1977; Traystman, 1977), we sought to 
determine whether such a mechanism might also 
protect the cochlea during hypoxia. In the experi- 
ments described in this report, electrophysiologic 
measures of cochlear function, namely the CAP 
and CM recorded from the round window, were 
made along with s~ult~eous measurement of 
cochlear blood flow and of oxy- and carboxy-he- 
moglobin. The results indicate that co&ear blood 
flow is elevated over a broad range of carboxy- 
hemoglobin levels and that selective disruption of 
the compound action potential to high frequency 
tones occurs only under conditions of profound 
carbon monoxide intoxication. 
Materials and Methods 
Male Long Evans rats weighing 300-400 g were 
used. Subjects were housed in groups with free 
access to food and water. Prior to surgery, rats 
were anesthetized by i.m. injections of ketamine 
(87 mg/kg) and xylazine (13 mg/kg). Subjects 
were tracheotomized, but did not require artificial 
respiration. Normal body temperature (37 k 1 o C> 
was maintained by a DC heating pad controlled 
by a rectal probe. The carotid artery contralateral 
to the tested ear was cannulated using PE50 tub- 
ing inserted approximately to the level of the 
clavicle so that blood pressure could be continu- 
ously monitored and periodic blood samples taken 
for blood gas analysis. The cannula was thor- 
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oughly flushed and the heparinized saline dis- 
carded so that a fresh blood sample was always 
taken for blood gas analysis. Two experimental 
series were performed. In the first, the CAP and 
CM were measured in five rats prior to carbon 
monoxide administration and again at half-hour 
intervals following a large dose of carbon mono- 
xide. Electrophysiological data were also gathered 
from three uninjected control subjects whose 
thresholds were determined at half-hourly inter- 
vals. Blood gas analyses using a IL282 CO-oxime- 
ter were conducted following each threshold de- 
termination so that deficits could be related to 
oxyhemoglobin and carboxyhemoglobin levels. 
Based upon these experiments, which did indicate 
that carbon monoxide produced a transient eleva- 
tion in threshold for eliciting the CAP at high 
frequencies, a series of 22 experiments were con- 
ducted in which cochlear blood flow as well as 
CAP, CM and blood gases were monitored prior 
to and repeatedly following carbon monoxide ex- 
posure. Blood flow me~~ements were performed 
using a Med Pacific (LD SOOQ) laser Doppler flow 
monitor which detects the movement of particles 
(e.g. red blood cells) in a region of the tissue near 
the measuring probe. Doppler frequency shift of 
the laser light scattered within the tissue and 
reflected back to the probe represents the mean 
velocity of the moving cells. The total number of 
moving cells is also part of this measurement. This 
method provides a dynamic measure of blood flwc 
(Bonner and Nossal, 1981) and has been success- 
fully applied previously for the inner ear (Good- 
win et al., 1984; Miller et al., 1983, 1984; Thorne 
and Nuttall, 1987). Laser Doppler flow measure- 
ments for the cochlea currently provide relative 
measurement of blood flow. Given the thickness 
of the rat cochlea, it is reasonable to assume that 
both modiolar and lateral wall blood flow contrib- 
uted to the measurements reported here as the 
probe may detect red cells moving in a tissue of 
0.6 mm3 (Nilsson et al., 1980). 
The auditory bulla was exposed during surgery 
by a ventral postauricular approach. The bulla 
was opened near the styloid process using a dental 
burr and the opening enlarged by carefully shav- 
ing the edges of the bony opening so that a silver 
wire recording electrode could be placed on the 
round window. The electrode was a teflon in- 
sulated 40 gauge silver wire and was cemented to 
the bulla using dental acrylic in order to hold its 
position on the round window. The CAP and CM 
signals were preamplified with a gain of 1000 x 
before analysis. An Ag/AgCl reference electrode 
was placed in the muscles of the neck. For mea- 
suring cochlear blood flow, the probe (1.7 mm 
OD) of a Med-Pacific laser Doppler flow meter 
was held in a micromanipulator and positioned 
over the second turn of the rat cochlea. The laser 
Doppler flow meter was zeroed and the extent of 
drift checked at the end of each experiment. Drift 
by the end of the experiment never amounted to 
more than +lO mV which would correspond to 
approximately 2-4% of the flow readings from the 
cochlea. The CAP was obtained by presenting 
acoustic signals consisting of 10 ms tone bursts at 
12 frequencies between 4 and 50 kHz. The tone 
bursts had rise-fall times of 1 ms and were de- 
livered from a l/2 inch Brtiel & Kjaer micro- 
phone using a closed field sound speculum fitted 
into the external auditory meatus after removal of 
the pinna. Tone burst intensities were calibrated 
using a l/2 inch recording microphone attached 
to a 1 mm probe tube within the speculum which 
was positioned close to the tympanic membrane. 
The intensity of 10 ms tone bursts was varied until 
the N, wave of the CAP was just visually detecta- 
ble on an oscilloscope. The CAP signals were 
band-pass filtered 30 Hz to 3 kHz and the visual 
detection threshold was an N, of approximately 10 
UV. The CM isopotential (1 mV RMS) sensitivity 
functions were obtained for continuous pure tones 
using a wave analyzer. 
Once the CM and CAP had been measured 
under normoxic conditions, subjects received l-4 
ml of pure carbon monoxide gas per 100 g body 
wt by intra-peritoneal injection. Injected carbon 
monoxide gas is readily taken up across capillary 
beds of the peritoneum and binds to hemoglobin 
with an affinity roughly 210 times that of oxygen 
(Sendroy and O’Neal, 1955). Tissue hypoxia re- 
sults both from the actual decrease in oxygen 
carrying capacity of hemoglobin and from im- 
paired oxygen dissociation from hemoglobin (the 
Haldane effect) in the presence of carboxyhe- 
moglobin (Roughton and Darling, 1944). A par- 
ticularly important advantage of the intraperito- 
neal route of administration is that it eliminated 
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the need for chemical exhaust of carbon monoxide 
gas. In addition, i.p. administration of carbon 
monoxide produced a rapid elevation in carbo- 
xyhemoglobin reaching peak levels at 30-60 min 
and remaining steady for an additional 60-120 
min. This method of administering carbon mono- 
xide has previously been used in toxicological 
investigations (Fountain et al., 1986) and has been 
shown to produce similar neurobiologic conse- 
quences to carbon monoxide given by inhalation. 
Cochlear blood flow, skin blood flow and blood 
pressure were monitored constantly. The CAP and 
CM were determined at 30 min intervals and 0.3 
ml aliquots of arterial blood were taken for de- 
termination of oxyhemoglobin (HbO,), carboxy- 
hemoglobin, (HbCO), methemoglobin (HbMet) 
and oxygen content (Vol% 0,). Blood was re- 
placed with heparinized saline. Control subjects 
(n = 5) were treated identically except that they 
did not receive a gas injection. 
Results 
The initial experiments demonstrated that in- 
jection of carbon monoxide resulting in very high 
carboxyhemoglobin levels (X = 56%) produces a 
temporary and frequency specific disruption of 
the compound action potential. The group data, 
presented in Fig. 1, show audiometric curves for 
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Fig. 1. Compound action potential thresholds (mean f S.E.) in 
five subjects prior to carbon monoxide exposure (squares), at 
the time of maximal auditory loss following carbon monoxide 
injection (triangles), and at the end of the experiment (di- 
amonds). 
the CAP obtained prior to carbon monoxide, at 
the time of maximal threshold shift (which typi- 
cally occurred 30-60 min after carbon monoxide 
exposure) and at termination of the experiment 
which occurred 120-240 min after the carbon 
monoxide injection. Following carbon monoxide 
injection all subjects exhibited a threshold shift 
which began at the higher frequencies (40-50 kHz), 
but gradually extended to affect all test frequen- 
cies above 20 kHz. Conversely, recovery of 
thresholds occurred first at the lowest frequencies 
that were affected initially. This recovery generally 
became noticeable (10 dB improvement at two 
adjacent frequencies) 90-150 min following carbon 
monoxide injection. In several subjects recovery of 
thresholds at the highest frequency tested, 50 kHz, 
was incomplete. Threshold shifts of 4 + 3 dB were 
observed in untreated control subjects at the time 
of maximal threshold shift in carbon monoxide 
treated subjects. A repeated measures analysis of 
variance confirmed that carbon monoxide ex- 
posure significantly disrupted the CAP (F = 19.37, 
P -c 0.02). The preferential high frequency disrup- 
tion is demonstrated by a significant frequency by 
treatment interaction (F = 8.66, P -c 0.0001). A 
separate ANOVA comparing CAP sensitivity at 
the time of maximal threshold shift and at the 
termination of the experiment failed to demon- 
strate an overall difference in CAP threshold be- 
tween these two time points (F = 7.66, P > 0.05) 
although a significant frequency by time point 
interaction was found (F = 8.40, P < 0.0001). 
Fig. 2 provides data on the CM in the same 
subjects and at the same time intervals as those 
shown in Fig. 1. The data suggest a modest dis- 
ruption in high frequency sensitivity and substan- 
tial variability among the carbon monoxide-treated 
subjects. While disruption in CM sensitivity was 
not sufficiently robust to yield an overall treat- 
ment effect (F = 6.51, P > 0.05) a significant 
treatment by frequency interaction (F = 3.18, P < 
0.005) indicated reliable loss in CM sensitivity in 
subjects following carbon monoxide exposure at 
high frequencies. A weak residual disruption in 
high frequency CM sensitivity remained even at 
the conclusion of the experiment (F = 2.22, P < 
0.05). That a loss in CM sensitivity occurs only 
with extreme carbon monoxide exposure is re- 
flected by the results of eleven subsequent experi- 
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Fig. 2. Cochlear microphonic sensitivity functions (1 UV) 
(mean+S.E.) in five subjects prior to carbon monoxide ex- 
posure (squares), at the time of maximal auditory loss follow- 
ing carbon monoxide injection (triangles) and at the end of the 
experiment (diamonds). 
ments carried out under less severe carbon mono- 
xide hypoxia. While significant loss of CAP sensi- 
tivity occurred in all cases, only three also showed 
a loss of CM sensitivity of 10 dB or greater. And 
in each of these three cases, the shift in CAP was 
far larger in magnitude and number of frequencies 
affected than for CM. Among control subjects 
there was a CM threshold shift of 2 f 6 dB at the 
time equivalent to that which produced the most 
extreme shift in carbon monoxide treated subjects. 
By injecting subjects with different amounts of 
carbon monoxide gas (l-4 ml CO per 100 g body 
wt) it was possible to vary the peak HbCO level 
obtained. Fig. 3 presents data relating the mean 
CAP threshold shift at three selected tone fre- 
quencies to HbCO levels measured at each test 
interval. It is apparent, first, that carbon mono- 
xide-induced threshold shifts follow a rather steep 
dose-response curve with only modest high 
frequency threshold elevation seen below 50% 
HbCO and very large shifts in high frequency 
CAP responses seen with higher HbCO values. 
The CAP evoked by mid-frequency tones (20 and 
24 kHz) was affected only in those subjects receiv- 
ing the highest carbon monoxide doses. The time 
course for HbCO elevation and elimination in 
those subjects which did and those which did not 
show a threshold shift (threshold shift being de- 
Fig. 3. Compound action potential threshold loss at 20 kHz, 24 
kHz and 50 kHz as a function of carboxyhemoglobin @CO) 
level. 
fined as loss in CAP sensitivity of at least 10 dB at 
two adjacent frequencies) is shown in Fig. 4. These 
data show a rapid build-up in HbCO reaching a 
peak at about 60 min: a time which corresponds 
well with the time of maximal threshold shift of 
the CAP. A comparison between the slopes of 
carboxyhemoglobin elevation and recovery did not 
significantly differ between subjects showing a 
loss in CAP threshold and those which failed to 
show such a threshold shift (t = - 0.848, P > 0.1). 
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Fig. 4. Pattern of carboxyhemoglobin formation (mean f SE.) 
and elimination in subjects demonstrating at least a 10 dB loss 
in compound action potential threshold at two adjacent fre- 
quencies (squares) and subjects not demonstrating a shift in 
compound action potential thresholds (diamonds). 
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However, average carboxyhemoglobin levels were 
significantly higher among subjects showing a 
threshold shift (t = 2.28, P < 0.025). In all but 2 
cases subjects not showing a loss in CAP sensitiv- 
ity had carboxyhemoglobin levels below 40%. 
Cochlear blood flow is significantly elevated in 
subjects injected with carbon monoxide (Fig. 5). 
This increased flow closely parallels the time 
course of carboxyhemoglobin elevation and is cor- 
related significantly with rising carboxyhemoglo- 
bin level (r = 0.78) (Fig. 6). However, while 
cochlear blood flow and carboxyhemoglobin levels 
are both higher among carbon monoxide subjects 
showing a 10 dB or greater loss in CAP threshold 
at two adjacent frequencies than those not show- 
ing such a loss, there is considerable overlap be- 
tween cochlear blood flow levels for these groups. 
In fact, repeated ANOVA measures while finding 
a significant overall shift in cochlear blood flow 
over time (F = 3.85, P -c 0.0001) failed to dis- 
tinguish between the blood flow changes of the 
two groups of subjects (F = 1.03, P > 0.4). Such 
data suggest a possible upper limit on the extent 
of cochlear blood flow elevation induced by carbon 
monoxide exposure. Because cochlear blood flow 
might be expected to vary with blood pressure, 
particular attention was devoted to the relation- 
Fig. 5. Percent elevation in co&ear blood flow level relative to 
pre-carbon monoxide exposure period in subjects demonstrat- 
ing at least a 10 dB loss in compound action potential threshold 
at two adjacent frequencies (triangles) and subjects not demon- 
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Fig. 6. Relationship between elevation in cochlear blood flow 
relative to pre-carbon monoxide exposure period and carbo- 
xyhemoglobin level following exposure. 
ship between the measures in control and CO-in- 
jected subjects. 
Among control rats, blood pressure fell from 
83 k 3 to 68 + 2 mmHg over the 4 h of experimen- 
tation; a shift of slightly less than 20%. Cochlear 
blood flow fell slightly less dramatically (8%) in 
these subjects over the same time period. A corre- 
lation coefficient of 0.60 was calculated between 
cochlear blood flow and blood pressure. Among 
rats treated with CO and showing significant de- 
clines in CAP sensitivity, blood flow declined from 
82 + 3 to 60 f 4 over the 4 h experiment; a 25% 
decline. The drop in blood pressure was essen- 
tially linear over time at 0.7 mmHg per 10 min. 
Cochlear blood flow, as depicted in Fig. 5 was 
poorly correlated with blood pressure (r = 0.07). 
Discussion 
Experiments reported here have demonstrated 
a frequency selective influence of carbon mono- 
xide administration on the CAP. There is a small 
effect of carbon monoxide administration on CM 
generated by high frequency tones (under the pre- 
sent exposure and measurement conditions), and 
an apparent insensitivity of the CAP to all but the 
very severest hypoxic condition. The last finding 
may relate to the clear dose-related elevation in 
co&ear blood flow elicited by carbon monoxide 
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exposure. Such findings require a decidedly differ- 
ent interpretation of cochlear vulnerability to hy- 
poxia than the results of experiments in which 
tracheal clamping or 100% N, are used in produc- 
ing anoxia. In the current work we demonstrate a 
large, dose-related elevation in co&ear blood flow 
following carbon monoxide exposure. Such a he- 
modynamic change would tend to ameliorate tis- 
sue hypoxia in the face of even large impairments 
of oxygen carrying capacity and may well be 
responsible for the ability of the cochlea to main- 
tain normal function even with high carboxyhe- 
moglobin levels. 
To the extent that cochlear blood flow is an 
important determinant of cochlear function, it 
might be anticipated that carbon monoxide ex- 
posure will disrupt cochlear function only if this 
adaptive mechanism is unable to sustain co&ear 
oxygen delivery. Previous studies have shown that 
brain blood flow increases stoichiometrically with 
increments in inspired carbon monoxide con- 
centration or decrements in inspired oxygen re- 
sulting from inhalation of air mixed with differing 
nitrogen concentrations (Traystman and Fitz- 
gerald, 1977; Traystman, 1977). Because the 
cochlea is supplied by the anterior inferior cerebel- 
lar artery, we suspect our measurement of an 
increase in cochlear blood flow may parallel an 
overall increase in brain blood flow. That active 
processes are involved in determining cochlear 
blood flow are suggested by the relationship found 
between blood pressure and cochlear blood flow. 
While under normal conditions (i.e. in control 
subjects) some relationship was found between 
these measures only 36% of the variability in flow 
can be accounted for by blood flow. When placed 
under hypoxic stress, by contrast, there is no 
statistical relationship between blood pressure and 
cochlear blood flow and other active processes 
must be responsible for the elevation in flow levels 
which were observed. Experiments which have 
used a range of non-lethal hypoxic exposures may 
provide the opportunity to observe dynamic 
changes in co&ear blood flow with attendent 
electrophysiological effects while asphyxiation 
produced either by tracheal clamping or inhala- 
tion of 100% nitrogen may mask the cardiovascu- 
lar responses which are capable of sustaining 
cochlear function. In evaluating vulnerability of 
cochlear function to hypoxia, then, it may also be 
necessary to determine whether compensatory 
cardiovascular responses are eliminated. 
The production of profound, but comparatively 
gradual hypoxia induced by carbon monoxide in- 
jection also provides new data concerning the 
dynamic nature of cochlear impairment once 
carboxyhemoglobin levels exceed critical levels. 
While the current data are consistent with earlier 
studies in showing a greater impairment of the 
CAP than CM under hypoxia, the results of the 
present work show a preferential disruption of the 
CAP in response to high frequency tones rather 
than a threshold shift for all test frequencies. 
Generally asphyxiation experiments have not been 
able to provide the same extent of frequency data 
as that obtained here under comparatively ex- 
tended, stable hypoxic insults. Whether this result 
reflects differences in the amount of blood supply- 
ing the basal and more apical turns of the cochlea 
or differences in metabolic activity of cells at the 
basal end of the cochlea or both remains to be 
determined. It is particularly interesting that the 
CAP evoked by high frequency tones is prefer- 
entially impaired, however, since there is some 
evidence that the basal turn may be able to receive 
oxygen by diffusion across the round window in 
addition to that delivered by blood (Morgenstem 
and Kessler, 1978; Maass et al., 1976). It seems 
unlikely that outgassing of carbon monoxide from 
blood and diffusion across the round window 
would occur given the very high affinity of hemo- 
globin for carbon monoxide in blood even when 
this gas is delivered by inhalation. Rather, one 
might expect basal turn oxygen levels to be slightly 
elevated relative to more apical turns even in the 
experimental subjects used here. Clearly, however, 
such an oxygen gradient, if it exists, is incapable 
of sustaining cochlear function under the present 
conditions. The current data may be more con- 
sistent with the notion that function in the basal 
turn of the cochlea has higher energy requirements 
than at more apical levels. 
The current data showing that the CAP is par- 
ticularly disrupted under severe carbon monoxide 
exposure are consistent with the reported outcome 
of anoxia experiments where CM has been shown 
to be either less affected by or more resistent to 
anoxia or chemical asphyxiation than is the CAP 
(Misrahy et al., 1958; Konishi and Kelsey, 1968; 
Brown et al., 1983). These results appear to be 
inconsistent with those of Pierson and Moller 
(1982) who reported that hypoxia depressed the 
CM associated with outer hair cells while actually 
increasing the amplitude of the CAP at low tone 
intensities. However, in that study hypoxia was 
produced by decreasing ventilation rate by about 
40% and CM was recorded from the second turn 
using differential intracochlear electrodes. These 
meth~olo~c~ differences make it difficult to 
draw direct comparisons to our study. By reducing 
ventilation rate, Pierson and Moller (1982) prob- 
ably elevated arterial PCO, and this could be 
expected to increase cochlear blood flow although 
it is not possible to estimate the magnitude of 
such an effect. Given changes in co&ear blood 
flow and in oxygen dissociation under hyper- 
capnia it is possible that the increased N, ampli- 
tude observed by Pierson and Msller (1982) could 
actually reflect enhanced oxygen delivery to the 
cochlea. 
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